Two experiments were undertaken to examine whether there is an age-related change in the speed with which readers can capture visual information during fixations in reading. Children's and adults' eye movements were recorded as they read sentences that were presented either normally or as ''disappearing text". The disappearing text manipulation had a surprisingly small effect on the children, inconsistent with the notion of an age-related change in the speed with which readers can capture visual information from the page. Instead, we suggest that differences between adults and children are related to the level of difficulty of the sentences for readers of different ages.
Introduction
For skilled adult readers, the capture of visual information occurs extremely quickly at the beginning of fixations. Several studies have demonstrated that when adults read text where each word in turn either is masked or disappears after 50-60 ms, reading proceeds pretty much as normal with no detrimental effect on comprehension (Ishida & Ikeda, 1989; Liversedge et al., 2004; Rayner, Inhoff, Morrison, Slowiaczek, & Bertera, 1981; Rayner, Liversedge, & White, 2006; Rayner, Liversedge, White, & Vergilino-Perez, 2003) . Although there is no difference in overall reading time, skilled readers do produce longer fixations (but fewer refixations) for disappearing text than for normal text (Liversedge et al., 2004; Rayner et al., 2003) . These findings suggest that a temporal restriction on the visual availability of fixated words in reading is minimally detrimental to skilled adult readers.
In contrast to the large body of literature on skilled adult readers' eye movements, very little is known about children's oculomotor control during reading and how this develops with age (Rayner, 1998) . It is known that beginning readers have a smaller perceptual span (or region of effective vision) than adult skilled readers (Häikiö, Bertram, Hyönä, & Niemi, 2009; Rayner, 1986 ). Thus, beginning readers process less information on a fixation than older readers, though by 4th grade the size of the perceptual span is comparable to skilled readers (provided that the text is appropriate for their reading level (Häikiö et al., 2009; Rayner, 1986) .
In the experiments reported here, we aimed to investigate whether there are developmental changes in the time needed to capture visual information during fixations in reading, and then to examine the nature of any changes that were found to occur. As a child progresses from being a beginning to a skilled reader they become increasingly familiar with the printed form of letters within words, and then words within sentences. The uptake of visual information from the page is a crucial skill, as the visual encoding of words forms a gateway to the higher-level linguistic processing associated with reading. Previous research, using an isolated word presentation method, showed an age-related decrease in the amount of time that was required for a word to be correctly identified (Aghababian & Nazir, 2000) . These findings indicate that as age and, subsequently, familiarity with printed reading material increases, the capture of visual information during fixations in reading may become a more rapid and fluent process. In the present experiments, critical target words were included to examine whether the frequency of words influences children's eye movement behaviour when reading disappearing text. If such effects do occur, the comparison of these effects on different eye movement measures will give an indication of the time course of lexical processing. Word frequency effects reflect the ease with which a reader is able to identify a word, as a consequence of how often it has been encountered when reading. Word frequency is usually seen to affect very early measures of processing such as single and first fixation durations in children as well as in adults (Hyönä & Olson, 1995; see Rayner, 1998 pearing text manipulation, in which each word disappears 60 ms after fixation onset, may well prevent children from initiating normal lexical identification processes. Investigating whether or not word frequency effects occur when reading disappearing text, and the time course of any effects in relation to reading normal text, should provide a firm indication of the extent to which children are able to initiate normal lexical processing on the basis of a brief visual presentation of a word.
Two primary predictions were made for Experiment 1. First, for adults, given the data of Rayner et al. (2003) and Liversedge et al. (2004) , we expected there to be no increase in sentence reading times associated with reading disappearing text. In contrast, following Aghababian and Nazir's (2000) findings, it was predicted that children would be disrupted when reading disappearing text compared to normally presented text. It seems likely that 60 ms will be insufficient for a beginning reader's visual system to extract the necessary information from the fixated word for normal linguistic processing to be initiated, such that children would show increased numbers of fixations, increased fixation durations, increased regression frequencies, and, consequently, increased sentence reading times in the disappearing text condition compared to the normal condition.
Second, it was predicted that adults would show a word frequency effect in their first fixations under both normal and disappearing text conditions. This pattern in the adult data would represent a replication of the findings of Rayner et al. (2003 Rayner et al. ( , 2006 and Liversedge et al. (2004) . However, it was also predicted was that a 60 ms presentation duration would not be sufficiently long to permit normal lexical processing such that word frequency effects would be obtained in beginning readers. Hence, it was predicted that children would show a word frequency effect on their fixation durations when reading normal text, but that this effect would not occur on first pass measures under disappearing text conditions.
Methods

Participants
All participants were native English speakers with normal, uncorrected vision and no known reading difficulties who participated voluntarily in the study. All participants were naïve regarding the purpose of the study. Adult participants were paid for their participation. Child participants were unpaid volunteers. The 12 adult participants in Experiment 1 and the 16 adult participants in Experiment 2 were all students at either Durham University or the University of Southampton, with an age range of 18-21-years. The child participants were volunteers from local schools in the Durham and Southampton areas. The 12 child participants in Experiment 1 were aged 7-11-years. In Experiment 2, the 16 younger children were aged 7-9-years-old, and the 16 older children were aged 10-11-years.
Apparatus
Monocular eye movement recordings from the right eye were taken using a Fourward Technologies Dual Purkinje Image eye tracker interfaced with a computer. The position of participants' right eye was recorded every millisecond. Sentences were presented on a 21 in. monitor at a viewing distance of 100 cm, with the refresh rate set to 60 Hz. Sentences were presented in white, Courier New font size 14, on a black background. The Weber contrast for this display was 236 (the white text had a luminance of 14.2 cd/m 2 while the black background had a luminance of 0.06 cd/m 2 and the average luminance of the screen was 0.09 cd/ m 2 ). The room was dimly illuminated. Participants were asked to bite on a bar with a wax dental impression and to lean against forehead rests during the experiment, to eliminate head movements.
Materials and design
Forty experimental sentence frames were constructed, each containing either a six-letter long high or low frequency target word. The median frequency for high frequency target words was 93 counts per million and the median frequency for low frequency target words was nine counts per million (t 2 (39) = 3.78, p = 0.001). All word frequencies were taken from the CELEX English word form corpus (Baayen, Piepenbrock, & Gulikers, 1995) . The target words had age-of-acquisition scores between 6 and 8-years of age (MRC Database, Coltheart, 1981) .
All sentences were between 70 and 80 characters long. An example experimental sentence showing the word frequency manipulation is given in Table 1 .
2 In addition to the 40 experimental items, five practise items were presented at the beginning of the experiment. After 11 of the sentences, participants were required to answer a simple comprehension question, making a ''yes/no" response using a button box. The sentences were specifically written so that the children would have no difficulty understanding them. In Experiment 1, half of the sentences were presented normally and half of the sentences were presented under disappearing text conditions. In the disappearing text condition, each word disappeared 60 ms after fixation onset on that word. Once the reader moved their eyes onto a new word in the sentence, the previously fixated word reappeared but the newly fixated word then disappeared 60 ms after fixation onset. Following concerns over the use of white text on a black background with this presentation manipulation, Rayner et al. (2003) demonstrated that there was no afterimage on the screen due to phosphor persistence that would have allowed participants to perceive the words after they had disappeared (using identical experimental conditions to those reported here). Note, also, that Liversedge et al. (2004) showed, for adult readers, exactly the same pattern of effects when reading text where each word was masked after 60 ms as when each word disappeared after 60 ms. In Experiment 2, sentences were presented in one of four conditions. There were three disappearing text conditions, where the delay between fixation onset and the word disappearing was manipulated -either 40 ms, 80 ms, or 120 ms, as well as a normal condition. 3 In both experiments, the text presentation conditions were blocked and the order of blocks 2 A full set of experimental materials can be obtained by contacting the first author. 3 Note that our use of these condition labels is nominal and that this study is not intended to provide absolute values for the speed of the capture of visual information by children during reading. As with any gaze-contingent change paradigm, the refresh rate of the screen is an issue that must be taken into account when considering the precise timing of the display changes. The disappearing text manipulations were initiated when the eye crossed the space prior to each word. As noted in Section 2, the refresh rate of the screen was set to 60 Hz. Consequently, in each condition there was potentially an additional 17 ms of delay after the eye moved into the word before the word disappeared, dependent of the phase of the screen refresh when the reader's eye crossed the boundary. To be clear, as soon as the point of fixation enters the nominated domain (in these experiments and each new word) a timer is started. The text is presented on every frame except when blanked. When the timer reaches the preset delay value (say 40 ms) the program displays the new screen (with the blanked out text) as soon as possible after this. Clearly, this blanking could take anywhere from 0 to 17 ms due to screen refresh rate. Thus, the longest possible delay until blanking is when the scan has just passed below the line of text after the preset delay time has expired -in this case blanking would begin 57 ms after starting the timer. If the scan had reached a point just above the line of text after the preset delay time had expired, the new screen would be displayed in very close to 40 ms. Regardless of this, any delay was compensated by the additional time (perhaps 20 ms) required for the eye to complete the saccade prior to stable fixation. In Experiment 2, the data show that presentation duration of between 40 ms and 57 ms was sufficient to induce a word frequency effect on single fixation durations in 7-year-old children. To reiterate, the intention behind this manipulation was to observe systematic differences across the conditions between the three participant groups, rather than to provide absolute values concerning the speed of visual information capture.
was counterbalanced across participants. Word frequency and text presentation were counterbalanced following a Latin-square design, such that each sentence was presented in every condition, but each participant read each sentence only once.
Procedure
Participants were instructed to read the sentences normally, and to answer the questions by pressing a button box to respond ''yes/no". All instructions were given verbally to the children both at the start and throughout the experiment as required. Children were given lots of encouragement throughout the experiment.
Viewing was binocular, but only the right eye was recorded. An initial calibration of the eye tracker was carried out in which the participant was instructed to look at each of three fixation points, extending in a horizontal line across the centre of the screen, while their fixation position was recorded for each point. Once the eye tracker had been calibrated with satisfactory accuracy, the sentences were presented. Following every four sentences, the calibration was checked for accuracy, and the eye tracker was recalibrated whenever necessary. The entire experiment lasted approximately 20 min for adults, and half an hour for children (including breaks).
Analyses
Custom-designed software was used for the data analyses. Reading times of less than 80 ms or more than 1200 ms were deleted (in Experiment 1, 1.8% of the adults' data and 2.1% of the children's data; in Experiment 2, 4.4% of adults' data, 3.4% older children's data, and 3.6% of younger children's data). In the analyses, empty cells were filled with a global mean taken across groups and conditions. Data were only analysed from participants who had scored at least 70% on the comprehension questions, in order to ensure that all participants understood the sentences.
Throughout the results section, where appropriate, analyses of variance and t-tests were conducted treating participants (F 1 , t 1 ) and items (F 2 , t 2 ) as random variables. In Experiment 1, for significant interaction terms, two t-tests were conducted to compare the effect of the disappearing text manipulation in each participant group separately (with a Bonferroni-corrected significance level of p < 0.025). In Experiment 2, to further examine significant main effects of both participant group and of text presentation condition, t-tests were conducted between adjacent levels of group and presentation conditions, with a Bonferroni-corrected significance level of p < 0.016. For significant interactions between participant group and text presentation condition, the adjacent levels of the condition were compared for each group separately, leading to nine t-tests being conducted, with a Bonferroni-corrected significance level of p < 0.006.
Results and discussion
3.1. Experiment 1
Comprehension accuracy
The mean comprehension accuracy for the adult participants was 95% in the normal text condition, and 89% in the disappearing text condition, while for children it was 83% in the normal text condition and 97% in the disappearing text condition. The difference between adults and children was not significant (F 1 (1, 22) = 0.89, p = 0.36; F 2 (1, 39) = 1.32, p = 0.28), while the main effect of presentation condition only reached significance in the items analysis (F 1 (1, 22) = 1.51, p = 0.23; F 2 (1, 39) = 4.88, p = 0.05). There was, however, a significant interaction between-group and condition (F 1 (1, 22) = 9.15, p = 0.01; F 2 (1, 39) = 7.91, p = 0.02). While the difference between normal and disappearing text was not significant for the adult group (p P 0.1 for both), the increase in comprehension accuracy for children when reading disappearing text was significant (p < 0.05 for both). Thus, generally speaking comprehension levels were high in all situations, and perhaps more importantly, the disappearing text manipulation was not detrimental to participants' comprehension of the sentences.
Global measures
The global eye movement data from Experiment 1 are summarised in Table 2 , and the statistical analyses of these global measures are summarised in Table 3 .
The effect of the disappearing text manipulation on total sentence reading times was reliable across items but not across participants, and the interaction between presentation condition and group followed the same pattern. The disappearing text presentation also had no reliable main effect on the number of fixations or regressions made per sentence. Examination of Table 2 reveals, consistent with prior research (Liversedge et al., 2004; Rayner et al., 2003 Rayner et al., , 2006 that there was no difference in sentence reading time between normal and disappearing text conditions for the adult readers.
There were reliable main effects of the text presentation condition on refixation probability and fixation duration, with significant interactions between participant group and text presentation condition. As shown in Fig. 1 , for the children mean fixation durations were 32 ms longer when reading disappearing text compared to normal text (p < 0.001 for both). However, for adults, there was no reliable difference in mean fixation duration across the two conditions (p > 0.05 for both). Fig. 2 shows that for children refixation probability was 9% lower when reading disappearing text compared to normal text (t 1 (11) = 2.62, p < 0.025; t 2 (39) = 6.14, p < 0.001) whereas there was no reliable effect of presentation condition for adults (p > 0.7 in all cases).
There were main effects of age group on all measures. Children made longer fixations, had longer total sentence reading times, made more fixations and regressions per sentence, and had higher refixation probabilities than adults. These effects represent basic changes in oculomotor behaviour during reading that reflect the cognitive processing difficulty associated with the reader's age and skill (Rayner, 1998) .
Given the interesting differences between adults and children in the main analyses, the child participants were split into two groups. Six participants aged 7-9-years were classified as younger children, and six participants aged 10-11-years were classified as older children. The two key eye movement measures (fixation durations and refixation probabilities) were reanalysed with the participant group variable having three levels. These analyses were conducted with the aim of examining whether there might be differential developmental effects in the oculomotor behaviour when reading disappearing text compared to normal text. In the t-tests associated with these analyses, a Bonferroni-corrected p-value of 0.016 was used to determine significance. Fig. 3 shows the mean fixation durations and refixation probabilities of younger children (7-9-years-old), older children (10-11-years-old), and adults under both normal and disappearing text conditions. There was a reliable effect of presentation condition (p 6 0.01 in all cases), with longer fixations but fewer refixations Table 1 Sample experimental sentence containing a word frequency manipulation.
Condition Sentence
High frequency I tripped and had an accident in the dark forest last night Low frequency I tripped and had an accident in the dark cavern last night being made under disappearing text conditions than under normal text presentation conditions. There was, again, a main effect of participant group on both measures (p 6 0.01 in all cases). Critically, as with the previous analysis, there was an interaction between participant group and text presentation condition that was fully significant for refixation probability (p 6 0.01 in all cases), and that was reliable across items but marginal across participants for fixation durations (F 1 (2, 21) = 3.17, p = 0.06; F 2 (2, 78) = 7.16, p = 0.001).
For fixation durations, t-tests showed that for both older and younger children, mean fixation durations were significantly longer when reading disappearing text compared to normal text (p < 0.016 in all cases). However, for the adults there was no reliable difference in mean fixation duration between the two conditions (p > 0.05 for both). The t-tests for refixation probability showed a slightly different pattern. Here, neither adults nor older children showed a significant difference in their refixation probability between normal and disappearing text (p > 0.1 in all cases). Again, the younger children did show a difference between conditions, making fewer refixations when reading disappearing text compared to normally presented text although the effect was only marginal across participants (t 1 (5) = 3.11, p = 0.03; t 2 (39) = 5.77, p < 0.001).
These analyses comparing different age groups of children to the adults suggest that there are interesting developmental changes in the reader's cognitive processing of the text which underlie the observed effects on eye movement behaviour. These effects will be considered in more detail in the Discussion (Section 3.1.4).
Local measures
As the frequency analyses are based on data from a single target word within each sentence, the participant group variable was analysed only using two levels -adults and children -in order to maximise the statistical power behind these analyses. Following Rayner et al. (2003) , three key measures are reported -single fixation durations, first fixation durations, and gaze durations. The local eye movement data from Experiment 1 are summarised in Table 4 .
There was a significant effect of word frequency on first fixation durations, with longer mean times on low frequency compared to high frequency words (F 1 (1, 22) = 6.75, p = 0.02; F 2 (1, 39) = 4.23, p = 0.04). The effect of word frequency was reliable across participants and marginal across items for mean gaze duration (F 1 (1, 22) = 10.37, p < 0.01; F 2 (1, 39) = 3.02, p = 0.09), and single fixation durations (F 1 (1, 22) = 8.13, p = 0.01; F 2 (1, 39) = 2.89, p = 0.10). Most importantly, there was no reliable interaction between word frequency and text presentation condition for any of these reading time measures (p > 0.2 in all cases). This lack of a reliable interaction demonstrates that word frequency effects were occurring despite the disappearing text manipulation, replicating Rayner et al. (2003 Rayner et al. ( , 2006 and Liversedge et al. (2004) . The 3-way interaction between-group, frequency, and text presentation condition was also non-significant for all three of these measures, further demonstrating that, counter to our original predictions, the word frequency effect occurred for all participant groups under both text presentation conditions (p > 0.1 in all cases).
Discussion
The adult data yielded no difference in total sentence reading times between the normal presentation condition and the disappearing text condition, replicating the results of Liversedge et al. (2004) and Rayner et al. (2003 Rayner et al. ( , 2006 . In contrast to previous studies though, no differences were found in the adult data between the two text presentation conditions for either mean fixation durations or refixation probabilities.
It seems likely that the absence of a trade off between refixation probability and fixation durations may be due to the low proportion of refixation cases produced by the skilled adult readers for the normally presented text. Recall that, in order to make the between-group comparisons as meaningful as possible, all participants read the same set of sentences that were specifically designed to be suitable for children. Adult participants in the present experiment may, therefore, not have needed to refixate words as often as they might normally do when reading more difficult material (as used by Liversedge et al., 2004) ; consequently there would be no change in refixation frequencies across the two conditions due to a floor effect in the normal condition. Note that a reader's refixation rate is generally assumed to be directly related to how difficult or easy they find the text to process (Rayner, 1998) . In line with this argument, in the data reported by Liversedge et al., adult readers refixated 20% of words in the normal condition, and just 10% of words in the disappearing text condition. In the present data, adult readers refixated 12% of words in the normal condition and 11% of words in the disappearing text condition. In contrast to the adult data, the children's oculomotor behaviour was affected by the fixated word disappearing after 60 ms. Increased fixation durations were observed alongside a decrease in refixation probabilities. This pattern in the children's data is strikingly similar to that observed from adults when reading adult-level materials (Liversedge et al., 2004) . Further analyses, when the children's sample was split into older and younger readers, showed this effect was particularly striking for younger readers.
The children made significantly more refixations when reading the sentences that were presented normally. As a consequence, when they were presented with disappearing text where refixations do not provide the reader with any useful information, there was a distinct change in the children's eye movement behaviour to compensate for the redundancy of refixations. Children made fewer refixations, and had longer fixation durations. Importantly, these effects were not observed in the adult data and we suggest that this is because, simply, the sentences were sufficiently easy for them to process that refixations were not necessary. As suggested in the Introduction (Section 1), it is possible that therse is a developmental increase in the visual exposure time needed for readers to capture visual information during fixations in reading. This suggestion would predict significant interactions between the participant's age group and presentation duration. In Experiment 1, no significant interactions between group and presentation condition for total sentence reading time were shown, though children did show a larger difference between presentation conditions than adults. In order to investigate this further, Experiment 2 uses a wider range of disappearing text presentation durations, including an exposure duration of 40 ms. Hence if a 40 ms exposure time is insufficient for visual information capture for children, then children should have significantly longer overall reading times for 40 ms disappearing text compared to normal text. Given the proposed link between age (representing reading skill) and required visual exposure, Experiment 2 also tested the effects of text presentation on three different age groups. The duration that allowed initiation of normal processing would be predicted to decrease as the reader's age increases. That is, the youngest children (aged 7-9-years) would be predicted to exhibit most disruption to reading from the shortest presentation durations compared to both older children and adults.
In Experiment 2 participants read the same sentences as for Experiment 1, presented under normal and disappearing text conditions but here, the delay between fixation onset and the disappearance of the word was manipulated (40 ms, 80 ms, or 120 ms disappearing text compared to normal text). All the text presentation conditions used in Experiment 2 would have prevented participants from making useful refixations (40 ms, 80 ms, or 120 ms). For example, the mean durations of fixations preceding a refixation in Experiment 1 were 228 ms, 235 ms, and 293 ms for adults, older and younger children respectively. Thus, any refixations made, whether by a 7-year-old or an adult, are highly likely to be made within a blank space and will, therefore, not afford the reader any additional visual information about the word that they are trying to read. In this way, all three disappearing text conditions should have an equally detrimental effect to the reader and so there should be no interaction with participant group. 
Experiment 2 3.2.1. Comprehension accuracy
There was, predictably, a main effect of participant group that was reliable by participants and marginal across items, such that older readers made fewer errors on the comprehension questions than younger readers (F 1 (2, 45) = 4.14, p < 0.05; F 2 (2, 78) = 2.76, p = 0.09). Critically, there was no reliable main effect of text presentation condition, nor was there a significant interaction between text presentation condition and participant group (p > 0.2 in all cases). All participants were, therefore, able to understand the sentences well under both the normal and the disappearing text conditions.
Global measures
The global eye movement data from Experiment 2 are summarised in Table 2 , and the statistical analyses are summarised in Table 3 . While there was not a significant interaction between participant group and text presentation condition, examination of the sentence reading time data suggests that while the adult readers were not much affected by the disappearing text manipulation, the children were. To investigate this further, two additional exploratory t-tests were conducted. For the combined data of both child groups, sentence reading times were longer for text that disappeared after 40 ms compared to the normal presentation condition, t(31) = 2.8, p = 0.01, whereas there was no slowdown for the adult readers, t < 1. While there appears to be a hint of a slowdown for the older children in the 80 ms disappearing text condition, the difference was not significant (p > 0.15) nor was the difference between the 80 ms condition and the normal condition in a combined analysis of younger and older child readers. Note that while the data here do suggest that adults were able to read normally in the 40 ms disappearing text condition, these data should not necessarily be taken as an indication of the lower temporal limit of visual information capture during fixations in reading (see Footnote 3).
As the presentation duration of the words decreased across the three disappearing text conditions, refixation probability also decreased. It did not, however, decrease in an equal manner for all participants; the change across the four conditions was greatest for younger children and was least pronounced for adults. Specifically, for adults the decrease in refixation probability from normal text to 40 ms disappearing text was 2%. For older children the decrease across conditions was 4%, and for younger children it was 9%. These data are illustrated in Fig. 4 .
For the younger children, there were lower refixation probabilities for the 120 ms disappearing text condition compared to the normal condition, this being marginal by participants (t 1 (15) = À3.13, p = 0.007; t 2 (39) = À3.68, p = 0.001). For the younger children, the differences were not reliable between the 40 ms and the 80 ms disappearing text conditions (p > 0.1) or between the 80 ms and 120 ms disappearing text conditions (t 1 (15) = À4.19, p = 0.001; t 2 (39) = À1.82, p = 0.08). All comparisons for the older children and adults failed to reach significance (p P 0.01 in all cases).
These data, as illustrated in Fig. 4 , show clearly that readers of different ages had different baseline refixation probabilities under normal reading conditions. However, refixation probabilities decreased to a similar level when visual availability was restricted, such that fewer than 10% of words were refixated by participants of any age in the 40 ms disappearing text condition.
As the presentation duration of the words decreased refixation probabilities lowered, and fixation durations increased. Fixation durations were shorter in the normal condition than in the 120 ms disappearing text condition (p < 0.01 in all cases). The difference in fixation durations between the 40 ms and 80 ms disappearing text conditions was reliable across participants but not across items (t 1 (47) = 2.67, p = 0.01; t 2 (39) = 1.78, p = 0.08). The difference between the 80 ms and the 120 ms disappearing text conditions did not approach significance (p P 0.2 in all cases). For all other measures, there was no main effect of text presentation condition (p P 0.1 in all cases).
Finally, there was a main effect of participant group for all measures. For fixation durations, sentence reading times, and the number of fixations made per sentence, all three groups differed significantly from each other (p 6 0.01 in all cases). The only exceptions were the comparison of older and younger children's sentence reading times across participants (t 1 (30) = À1.29, p = 0.21), the comparison of the number of fixations made per sentence for older and younger children across participants (t 1 (30) = À0.54, p = 0.59), and the comparison of adults' and older children's fixation durations across participants (t 1 (30) = À1.26, p = 0.22). For the number of regressions per sentence and refixation (81) 258 (76) 233 (80) 253 (75) 274 (103) 267 (79) Children Normal text 278 (112) 303 (127) 280 (132) 306 (141) 383 (240) (84) 273 (80) 251 (88) 270 (78) 263 (91) 280 (88) Normal text 240 (69) 262 (75) 237 (69) 259 (75) 246 (74) 294 (128) Older children 40 ms disappearing text 304 (115) 309 (84) 295 (111) 306 (88) 335 (204) 324 (109) 80 ms disappearing text 313 (92) 317 (67) 294 (97) 308 (74) 324 (93) 380 (325) 120 ms disappearing text 303 (90) 352 (150) 281 (101) 328 (144) 341 (208) 397 (250) Normal text 286 (83) 316 (109) 278 (77) 306 (110) 384 (315) 401 (200) Younger children 40 ms disappearing text 324 (116) 355 (87) 312 (119) 342 (98) 353 (164) 459 (466) 80 ms disappearing text 324 (96) 391 (121) 308 (102) 365 (130) 358 (133) 400 (136) 120 ms disappearing text 323 (123) 405 (216) 309 (120) 360 (207) 356 (167) 444 (249) Normal text 343 (173) 322 (102) 328 (156) 335 (138) 401 (187) 517 (480) probability adults were significantly different to the two groups of children, making fewer regressions and refixations (p < 0.01 in all cases). However, there were no reliable differences between older and younger children for these two measures (p > 0.2 in all cases).
Local measures
For single fixation durations, first fixation durations, and gaze durations, there was a reliable effect of word frequency such that times were longer on low frequency words than on high frequency words (p < 0.001 in all cases). These data are summarised in Table  4 . However, as was the case in Experiment 1, there were no reliable interactions between word frequency and text presentation condition, nor were the 3-way interactions with participant group reliable (p > 0.1 in all cases). These data again demonstrate that word frequency effects occurred for all participants under all four text presentation conditions.
Discussion
The results showed significant effects of text presentation condition on refixation probabilities and fixation durations only. Further, there was only a significant interaction between participant group and the disappearing text manipulation on the measure of refixation probability. This interaction reflects the much greater decrease in refixation probability across conditions for younger children compared to adults, as younger children make a much higher proportion of refixations when reading normal text but readers of all ages make very few refixations when reading disappearing text. There was a hint in the data that the disappearing text manipulation influenced sentence reading times for the children (specifically at the 40 ms disappearing text condition), but the manipulation did not significantly affect the number of fixations or the number of regressions made per sentence, and it certainly did not affect the three participant groups in a differential manner.
It should also be noted that in the earliest eye movement measure of cognitive processing, single fixation durations, there was a significant effect of word frequency but no 3-way interaction with participant group and text presentation duration. Critically, even with the shortest durations of visual input tested, children as young as 7-years-old showed an effect of word frequency the same as that observed for skilled adult readers. This provides extremely strong evidence that children can capture sufficient visual information early during a fixation, such that they can initiate linguistic processing normally under disappearing text conditions. To summarise, the children did have numerically longer reading times when the text was available for the shortest exposure time (the 40 ms condition) compared to reading normal text. However, the absence of significant effects of presentation or any interaction with group indicates that these differences are, at least, only very small. Hence there is no robust age-related difference in the visual exposure time required to capture visual information from fixated words whilst reading text. In addition, the effects of word frequency for all age groups and all presentation conditions further supports the argument that both children and adults can process the linguistic characteristics of words even with very short exposure times when words are first fixated.
General discussion
In Experiment 1, we compared adults and children when reading text where each word disappeared 60 ms after fixation onset on that word; in Experiment 2, three different disappearing text presentation durations were used (40 ms, 80 ms, and 120 ms). For the adults, consistent with prior research (Liversedge et al., 2004; Rayner et al., 2003) overall reading times were not affected by the disappearing text manipulation. There was a hint in the data from Experiment 2 that the children found the disappearing text condition more difficult than the normal control condition, but the effect was surprisingly small. Critically, even in the shortest exposure conditions all age groups showed evidence of lexical processing (in the form of word frequency effects).
The total sentence reading time analysis was a key factor in interpreting the data in Experiment 2. A cost to sentence reading times would indicate that differences in eye movement behaviour associated with reading disappearing text did reflect some level of disruption to linguistic processing of the text. It was noted that numerical trends in the data suggested the younger children's reading had been slowed by the disappearing text, even though neither the main effect of condition nor the interaction were significant. On this basis, we conducted several additional t-tests to examine the effect of the disappearing text manipulation in each group separately in Experiment 2, despite the lack of significant main effects. The two children's groups were combined, in order to make the most powerful comparison, and thus form the most stringent test. In this case, we did find that there was some evidence that children were slowed overall by the disappearing text manipulation. These data, however, must be considered in relation to those from the other eye movement measures. Were the children's visual information capture disrupted by having too brief a presentation duration, then one might expect them to attain a second visual sample on that word in some alternative manner. The regression data clearly show that this was not the case; younger children did not make more regressions when reading disappearing text. Thus, the pattern of data across all eye movement measures suggests that while children's reading was a little slowed by the manipulation, their visual sampling of the words was not disrupted. In fact, the minimal cost to 7-year-olds' sentence reading times from the disappearing text manipulation is quite remarkably small.
Undisrupted linguistic processing in the current experiments is also shown by the analyses of word frequency effects. In the local analyses in both experiments reported here, effects of word frequency were found upon children's eye movement behaviour. In Experiment 1, significant effects of word frequency were found on first fixation durations and gaze durations, while in Experiment 2 significant effects were found on both of these measures as well as on single fixation durations. These results clearly demonstrate that word frequency affects children's fixation durations in the same manner as is typically observed for skilled adult readers (Hyönä & Olson, 1995) .
Importantly, these effects in the present data set can be used to examine the process of lexical identification when reading disappearing text. For skilled adult readers, the occurrence of word frequency effects under disappearing text conditions was a striking demonstration of the cognitive control of eye movements (Rayner et al., 2003) . The same argument can be made for beginning readers, based upon the data reported here. These data provide clear evidence for cognitive control of eye movements in children, despite relative immaturity in their cognitive processing of visually presented linguistic stimuli as beginning readers compared to adults.
An additional point of interest is that the lack of interactions between word frequency and text presentation condition on all three measures (single fixation duration, first fixation duration, and gaze duration) indicates a similar time course for lexical processing in both conditions. It is not the case that, for example, word frequency effects occurred on first fixation durations with the normally presented text but only in gaze durations with the disappearing text. Such patterns in the children's data might have suggested that their lexical processing was in some way slowed, or delayed by the disappearance of the fixated word. This was, however, not the case -word frequency effects were observed on the same eye movement measures under both normal and disappearing text conditions. The brief visual input that participants received under disappearing text conditions was, therefore, sufficient for children as well as skilled adult readers to initiate what appears to be, on the basis of these data, an entirely normal course of lexical processing and identification.
For both experiments children made fewer refixations but had longer fixation durations when reading disappearing text compared to normal text. In contrast, there were no differences between the two text presentation conditions in adults' eye movement behaviour. It is suggested that the observed effects of the disappearing text manipulation on refixation probabilities and fixation durations did not occur in the adult data reported here because they were reading sentences that had been written for children, and so were extremely simple for the adult participants to read.
It should also be noted that the same pattern of effects that we have obtained here for children also occurs for adult readers when reading more difficult stimuli under disappearing text conditions (Liversedge et al., 2004; Rayner et al., 2003 Rayner et al., , 2006 ). When reading adult-level stimuli, adults typically made a higher proportion of refixations than they were observed to make here when reading very easy sentences. It seems, therefore, that the reader adopts a compensatory eye movement strategy for disappearing text only when reading sentences where refixations would normally be made due to cognitive processing difficulty.
In summary, the data from Experiments 1 and 2 clearly demonstrate that the decrease in refixation probability and the increase in mean fixation durations when reading disappearing text are a consequence of the redundancy of refixating once the word has disappeared. These data support the conclusion that by the age of 7-years, the capture of visual information from the page during fixations in reading is almost as quick and efficient as in skilled adult readers, allowing the initiation of normal linguistic processing.
